Introduction
HFE, a nonclassical MHC-I molecule, is the protein product of the gene mutated in hereditary hemochromatosis (HH) type I (also termed HFE-related HH), a prevalent autosomal recessive iron overload disorder. Two missense mutations, C282Y and H63D, in the HFE gene account for most HH cases. The C282Y mutation is found with an allelic frequency of 8% to 12% in people of northern European descent, whereas the H63D substitution is also present in other populations. [1] [2] [3] [4] Despite considerable efforts to elucidate its physiologic function, the precise role of HFE remains incompletely understood. On the one hand, HFE controls cellular iron homeostasis both by lowering the affinity of transferrin receptor-1 (TfR1) for iron-laden transferrin and by influencing cellular iron efflux. 5 On the other hand, through its interactions with TfR1 and TfR2 expressed on hepatocytes, HFE modifies the formation of the key iron-regulatory hormone hepcidin antimicrobial peptide (Hamp) and thus affects systemic iron balance. [6] [7] [8] [9] [10] [11] Although parenchymal organs such as liver, heart, or pancreas progressively accumulate iron in subjects with HFE-related HH, cells of the mononuclear phagocyte system are depleted of this metal. 12, 13 The mononuclear phagocyte system is centrally involved in the maintenance of body iron homeostasis as it recycles iron from senescent erythrocytes to the circulation by the transmembrane protein ferroportin-1 (Fpn1; also termed Slc40a1). 14, 15 Importantly, the expression of Fpn1 on cells is controlled by the acute-phase reactant Hamp. Both iron overload and inflammation stimulate the formation of Hamp, which binds to Fpn1, resulting in its internalization and proteolysis with subsequent blockade of iron export. 16, 17 Macrophages need certain amounts of iron for the generation of ROS, which represents an important mechanism of innate immune defense. However, iron also exerts negative regulatory effects on IFN-␥ or LPS-inducible macrophage immune effector pathways, including the formation of nitric oxide, the expression of MHC class II molecules, and the generation of TNF-␣. [18] [19] [20] On infections with intracellular microbes, including Salmonella, host phagocytes and invading pathogens have a shared requirement for iron. Consequently, competitive interactions between macrophage iron transporters and microbial iron acquisition systems form a central battlefield that determines the course of disease. [21] [22] [23] Salmonella enterica Serovar Typhimurium (S Typhimurium) is a facultative intracellular microbe whose pathogenicity depends on its ability to invade macrophages, thus exploiting these cells as a habitat for multiplication and for spreading within the host. 24 To acquire the scarce amounts of free iron present within mononuclear phagocytes, S Typhimurium has evolved siderophoredependent and -independent mechanisms, 25, 26 both of which are linked to its virulence. 27, 28 In response to infections, innate immune cells secrete the antimicrobial peptide lipocalin-2 (Lcn2; also known as neutrophil gelatinase-associated lipocalin, siderocalin, or 24p3), which captures iron-laden bacterial siderophores, such as enterochelin (also known as enterobactin) and carboxymycobactins. 29, 30 Intriguingly, the interaction of an iron-siderophore-Lcn2 complex with its receptor (LcnR) results in the import of iron into mammalian cells and subsequent iron storage. 31 However, an iron-free siderophore can be bound by Lcn2 and taken up into host cells by LcnR. Intracellularly, this imported siderophore can complex iron and export it out of cells, resulting in cellular iron deprivation. 31 Given the central importance of iron for the growth and proliferation of intracellular pathogens and the well-known relation between intramacrophage iron availability and immune function, we hypothesized that Hfe deficiency, which results in mononuclear iron depletion, may be advantageous to the host during infections with intraphagocytic microbes such as S Typhimurium.
Methods

Cell culture and Salmonella infection in vitro
Thioglycolate-elicited primary peritoneal macrophages were harvested from C57BL/6 mice of different genotypes (detailed in supplemental Methods, available on the Blood website; see the Supplemental Materials link at the top of the online article), matched for sex and age, and cultured in RPMI (purchased from Biochrom AG) containing 5% heat-inactivated fetal calf serum (FCS; PAA Laboratories GmbH), 100 U/mL penicillin, 0.1 mg/ mL streptomycin, and 10 mM HEPES (all from Sigma-Aldrich). Cell preparations used for subsequent experiments had at least 90% to 95% purity, as determined by the expression of F4/80 on the cell surface in fluorescence-activated cell sorting analysis.
Wild-type (WT) S Typhimurium strain ATCC14028 and its isogenic derivatives deficient in iroBC, entC, entC sit feo, ssrA, and SPI-1, respectively, were generated and used as described. 25, 28, 32 Briefly, macrophages were infected with S Typhimurium at a multiplicity of infection of 5 at 37°C for 24 hours, unless otherwise indicated. Thereafter, macrophages were washed 3 times in PBS and subjected to RNA isolation. In certain experiments, macrophages were treated with recombinant murine Lcn2 (apo-Lcn2, free of iron and microbial siderophores; purchased from R&D Systems), a monoclonal anti-mouse Lcn2 antibody (clone 228418; purchased from R&D Systems), a rat IgG 2A isotype control antibody (clone 54447; purchased from R&D Systems), or the appropriate solvent. For quantification of intracellular Salmonella by gentamicin protection assay, macrophages were lysed at different time points after infection in 0.5% deoxycholic acid (Sigma-Aldrich) and plated under sterile conditions onto LB agar plates.
To determine the effects of endogenous or recombinant Lcn2 on Salmonella growth, strains were grown in complete RPMI without antibiotics. Bacterial growth was followed by photometric measurement of absorbance at 600 nm. The antibacterial effects of Lcn2 were evaluated in mid-logarithmic cultures.
To test for viability, primary macrophages were isolated, and kits were used to determine cellular lactate dehydrogenase release (Sigma-Aldrich) and caspase-1 activity (Calbiochem) according to the manufacturer's recommendations.
Quantification of iron uptake and release by macrophages
Macrophage iron uptake and release studies were performed as detailed elsewhere 32 using 12.5 g/mL 59 Fe-labeled transferrin or 5 M 59 Fe-citrate (DuPont New England Nuclear). For iron release experiments, cells were first incubated with 5 M 59 Fe-citrate for 4 hours to allow iron loading and then washed 4 times. After an additional incubation for 2 hours, cellular iron release was measured by a ␥-counter. 33 In parallel to each iron release study, a trypan-blue exclusion assay was performed to ensure that neither treatment interfered with the integrity of the macrophage cell-surface membrane.
Determination of iron acquisition by S Typhimurium
Experiments to measure bacterial iron acquisition were performed as described in detail elsewhere. 32 In brief, Salmonella-infected macrophages were washed 3 times and repleted with serum-free, HEPES-buffered RPMI. After the addition of 5 M 59 Fe-citrate, cells were incubated for an additional 8 hours. Intracellular bacilli were harvested according to a modified protocol as described. 32, 34 
Determination of cellular iron content
The intracellular iron content of primary macrophages was measured by Graphite furnace atomic absorption spectrometry, carried out exactly as described. 35 Values were normalized for the total cellular protein content.
Immunoprecipitation
Acute-phase sera were elicited by intraperitoneal inoculation of 10 8 WT S Typhimurium that had been heat-inactivated at 70°C for 20 minutes. Endogenous Lcn2 was removed from acute-phase sera by immunoprecipitation with the monoclonal anti-Lcn2 antibody or an isotype control antibody (see "Salmonella infection in vitro") and protein G Sepharose (Amersham) according to the manufacturer's recommendations.
Salmonella infection in vivo
All animal experiments described were performed in accordance with Austrian legal requirements after approval by the Austrian authorities. Mice were maintained at the central animal facilities of the Medical University of Innsbruck and were given free access to water and food. Hfe Ϫ/Ϫ and Lcn2 Ϫ/Ϫ mice were generated as described, 29, 36 crossed back on a C57BL/6 (Nramp1 s/s ) background for at least 12 generations, and transferred to the specific pathogen-free unit of the local animal facility by embryonic transfer. Double knockout (KO) animals were generated as described in supplemental Methods.
For in vivo infection experiments, male mice were used at 20 to 26 weeks of age and fed a standard diet (180 mg Fe/kg, C1000 from Altromin). Mice were infected intraperitoneally with 500 CFU S Typhimurium suspended in 200 L PBS. Animals were monitored twice daily for signs of illness, and moribund mice were killed. Forty-eight and 96 hours after infection, mice were randomly selected for the determination of colony counts. Bacterial load in livers and spleens was determined by plating serial dilutions of organ homogenates on LB agar under sterile conditions. In parallel, organs were frozen in liquid nitrogen for subsequent preparation of RNA and protein as detailed in supplemental Methods. Mice selected for the determination of colony counts and gene expression studies were not considered for the recording of survival times.
Blood counts
Blood samples were drawn under anesthesia by retroorbital puncture and collected in heparinized tubes. An aliquot of blood was used for complete blood counts performed on an animal blood counter instrument.
Detection of cytokines, nitrite, and reactive oxygen species
Cytokine concentrations in serum samples and cell culture supernatants were determined by specific enzyme-linked immunoabsorbent assay (ELISA) kits (kits for IFN-␥, TNF-␣, IL-1␤, IL-6, IL-10, and IL-12p70 obtained from BD PharMingen; kit for Lcn2 obtained from R&D Systems; kit for heterodimeric IL-23 obtained from eBioscience). Determinations of nitrite and total oxidative capacity in cell culture supernatants were performed by commercially available colorimetric assays.
Statistical analysis
Statistical analysis was carried out using a SPSS statistical package (SPSS Inc 
Results
Cellular iron content of primary WT, Hfe ؉/؊ , and Hfe ؊/؊ macrophages
We first confirmed that peritoneal macrophages isolated from Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ mice had significantly reduced intracellular iron levels compared with their Hfe ϩ/ϩ WT counterparts ( Figure 1A ). To elucidate the putative underlying mechanisms, we studied the expression of iron metabolic genes in macrophages. We found that Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ mononuclear phagocytes expressed significantly higher mRNA levels of Lcn2, which has the capacity to mediate the bidirectional transport of siderophore-bound iron across the cell surface membrane ( Figure 1B ). In contrast, the transcript levels of other proteins implicated in macrophage iron handling such as divalent metal transporter-1 (Dmt1; Slc11a1), TfR1, Fpn1, Hamp, LcnR, heme oxygenase-1 (Hmox1) and feline leukemia virus subgroup C receptor (Flvcr) were not affected by the Hfe genotype (data not shown). As modulation of Lcn2 expression might also affect the viability of macrophages by induction of apoptosis in these cells, we measured cellular release of lactate dehydrogenase and caspase-1 activity in Hfe ϩ/ϩ and Hfe Ϫ/Ϫ macrophages, observing no differences for the Hfe genotype (data not shown).
To determine the net effect of enhanced Lcn2 expression on the intracellular iron content of mononuclear phagocytes, we measured cellular iron levels of peritoneal macrophages obtained from C57BL/6 Hfe ϩ/ϩ , Hfe Ϫ/Ϫ , Lcn2 Ϫ/Ϫ , and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ double KO mice. We observed increased intracellular iron levels in macrophages harvested from Lcn2 Ϫ/Ϫ mice compared with WT controls. Furthermore, Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ macrophages displayed an iron content similar to that observed in Hfe ϩ/ϩ Lcn2 Ϫ/Ϫ phagocytes but significantly higher than in Hfe Ϫ/Ϫ Lcn2 ϩ/ϩ phagocytes ( Figure 1C ). Of interest, we measured a substantial reduction in macrophage iron content after Salmonella infection, with the lowest iron levels observed within infected Hfe Ϫ/Ϫ cells ( Figure 1D ). In parallel, iron release was stimulated on Salmonella infection as described 22 and was significantly higher in Hfe Ϫ/Ϫ macrophages, both in response to infection or stimulation with IFN-␥, compared with Hfe ϩ/ϩ macrophages ( Figure 1E ).
In contrast, with regard to iron uptake we found no significant difference in the acquisition of nontransferrin bound iron or transferrin-bound iron between Hfe ϩ/ϩ and Hfe Ϫ/Ϫ macrophages (supplemental Figure 1A -B).
Effects of Hfe genotype and Lcn2 production on intramacrophage Salmonella survival
Because iron is essential for the proliferation of intracellular pathogens, we hypothesized that Hfe-deficient phagocytes might better control Salmonella infection. Therefore, we studied the intramacrophage survival of S Typhimurium within WT, Hfe ϩ/Ϫ , and Hfe Ϫ/Ϫ phagocytes. We found that the bacterial burden in isolated primary macrophages was not affected by the Hfe genotype at early time points studied, namely 30 minutes, 1 hour, 2 hours, and 6 hours after infection, suggesting that Hfe may not affect phagocytosis and early elimination of Salmonella (data not shown; Table 1 ). In contrast, after an infection period of 16 and 24 hours, the microbial burden was significantly lower within Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ phagocytes compared with their WT counterparts (Table 1) . When analyzing the expression of several immune genes by quantitative reverse transcription-polymerase chain reaction (RT-PCR), we found that Hfe ϩ/ϩ and Hfe Ϫ/Ϫ macrophages expressed comparable mRNA levels of inducible nitric oxide synthase (iNOS) and phagocyte oxidase-p47 (Table 2) . Furthermore, the expression levels of mRNA corresponding to inflammatory cytokines/chemokines TNF-␣, IL-1␤, IL-6, IL-12, IL-23, macrophage inflammatory protein 1␣, and monocyte chemoattractant protein 1 in Salmonella-infected or IFN-␥-stimulated macrophages were not affected by their Hfe genotype (Table 2) . Accordingly, the concentrations of TNF-␣, IL-1␤, IL-6, and IL-10 as well as nitrite were similar in culture supernatants of Hfe ϩ/ϩ and Hfe Ϫ/Ϫ phagocytes (supplemental Figure 2) .
Notably, we observed increased Lcn2 protein secretion by Hfe Ϫ/Ϫ macrophages in response to infection compared with Hfe ϩ/ϩ cells (Figure 2A ), whereas mRNA levels of LcnR, Fpn1, and Hamp were not different between cells of these 2 genotypes (data not shown).
To determine whether the high levels of Lcn2 produced by Hfe-deficient macrophages directly contribute to the clearance of S Typhimurium, we infected primary peritoneal macrophages with bacteria, added a neutralizing anti-mouse Lcn2 antibody or an isotype control antibody, and determined the intracellular bacterial burden 16 and 24 hours after infection The neutralization of Lcn2 abolished the differences in the bacterial load observed in macrophages of different Hfe genotypes at both time points ( Figure 2B ; data not shown). Notably, the secretion of macrophage-derived cytokines TNF-␣, IL-1␤, IL-6, IL-10, IL-12, and IL-23 and the production of ROS and RNS did not differ between macrophages of these Hfe genotypes and was unaffected by the antibodymediated neutralization of Lcn2 (data not shown).
Importantly, the neutralization of Lcn2 promoted iron acquisition by internalized bacteria and nearly abolished the differences with respect to Salmonella iron acquisition within Hfe WT, Hfe ϩ/Ϫ , and Hfe Ϫ/Ϫ macrophages ( Figure 2C ). To validate these results, we analyzed C57BL/6 Hfe ϩ/ϩ , Hfe Ϫ/Ϫ , Lcn2 Ϫ/Ϫ , and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ macrophages for their capacity to withhold iron from engulfed S Typhimurium and to kill the bacteria after phagocytosis. Although Hfe Ϫ/Ϫ Lcn2 ϩ/ϩ macrophages inhibited Salmonella replication significantly better than did WT cells, this effect was abrogated in Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ macrophages ( Figure 2D ). In parallel, the increased ability of Hfe Ϫ/Ϫ Lcn2 ϩ/ϩ phagocytes to withhold iron from internalized bacteria depended on the presence of Lcn2, because Salmonella iron acquisition was not different between bacteria residing within Hfe ϩ/ϩ Lcn2 Ϫ/Ϫ and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ cells ( Figure 2E ). To investigate the influence of Hfe on the course of invasive Salmonella infection in vivo, Hfe ϩ/Ϫ , Hfe Ϫ/Ϫ , and congenic C57BL/6 WT mice were injected intraperitoneally with a S Typhimurium WT strain. Thirteen (93%) of 14 C57BL/6 control mice died by days 2 to 7 of infection. In comparison, 27% of Hfe ϩ/Ϫ and 33% of Hfe Ϫ/Ϫ mice remained alive at the end of the observation period ( Figure 3A) . Bacterial loads in livers ( Figure 3B ) and spleens ( Figure 3C ) of randomly selected Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ mice were significantly lower compared with their WT littermates, whereas no statistically significant difference in bacterial load was found between Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ animals. Thus, deficiency in 1 or 2 Hfe For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From copies was associated with protection against acute S Typhimurium infection in vivo.
Course of S Typhimurium infection in
Iron homeostasis, immune response, and peripheral blood count in Hfe WT and Hfe ؊/؊ mice in response to Salmonella infection
On examination of tissue expression of selected immune and iron metabolism genes by quantitative RT-PCR, we found that iNOS and phagocyte oxidase-gp47 mRNA expression were not different between spleens of Hfe Ϫ/Ϫ and C57BL/6 control littermates (supplemental Table 1 ). However, mRNA levels of Lcn2 were significantly higher in both livers and spleens of Hfe Ϫ/Ϫ animals compared with their WT counterparts ( Figures 4A-B) . Similarly, Hfe ϩ/Ϫ mice displayed higher Lcn2 transcript expression in both organs compared with C57BL/6 mice (data not shown). In contrast, mRNA levels of Fpn1 and Hamp in both livers and spleens were not significantly different between infected WT and Hfe-deficient animals, although solvent-treated Hfe Ϫ/Ϫ mice tended to have the lowest hepatic Hamp mRNA expression (details not shown).
Moreover, Lcn2 protein expression was higher in the livers and spleens of Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ mice compared with WT animals, both under control conditions and after Salmonella infection ( Figure 4C-D) . In contrast, although Hfe-deficient control mice displayed higher Fpn1 protein levels than did WT controls, no substantial difference in Fpn1 protein expression was found between Salmonella-infected WT and Hfe-deficient animals. Furthermore, the Hfe genotype did not influence iNOS or Hmox1 protein expression in the spleens of either control or infected mice ( Figure 4D) .
When studying the expression of inflammatory genes in the spleen, we found that mRNA levels of the T cell-derived cytokines IFN-␥, IL-4, IL-13, IL-17A, IL-17F, and TGF-␤ and of the master switch transcription factors T-bet, GATA-3, ROR␥t, and Foxp3 were not influenced by the Hfe genotype in solvent-treated or infected animals (supplemental Table 1 ; data not shown). Moreover, we detected no differences in TNF-␣, IL-1␤, IL-6, IL-10, IL-12p35, IL-12/23p40, IL-18, and IL23p19 mRNA levels compared with WT and Hfe Ϫ/Ϫ mice. Correspondingly, serum levels of TNF-␣, IL-6, IL-10, IL-12, IL-23, IFN-␥, and nitrite were not different between Hfe ϩ/ϩ and Hfe Ϫ/Ϫ animals, whereas IL-1␤ remained undetectable in these serum samples (supplemental Figure 3 ; data not shown). In contrast, Lcn2 levels in the sera of Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ mice were significantly higher compared with their WT littermates ( Figure 4E ). Macrophage Lcn2 production and antibacterial activity. Macrophages were harvested from WT and Hfe Ϫ/Ϫ mice and treated with 100 U/mL IFN-␥ or infected with WT S Typhimurium (S Tm) for 24 hours. The production of Lcn2 was investigated in culture supernatants by ELISA (A). Data were logtransformed and compared by ANOVA and are shown as mean Ϯ SEM of at least 3 independent experiments. WT, Hfe ϩ/Ϫ , and Hfe Ϫ/Ϫ mice were infected with WT Salmonella. The bacterial burden was determined by gentamicin protection assay (B). In parallel experiments, the acquisition of 59 Fe by intramacrophage Salmonella was determined (C). In additional experiments, the survival of S Typhimurium within C57BL/6 WT, Hfe Ϫ/Ϫ , Lcn2 Ϫ/Ϫ , and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ macrophages (D) as well as bacterial iron uptake within these cells (E) were determined. These data were analyzed by ANOVA and shown as mean Ϯ SEM of at least 3 independent experiments. *P Ͻ .05 compared with the solventtreated control of the corresponding genotype, #P Ͻ .05 for the comparison of cells of different genotype subjected to the same stimulatory regimen. NAIRZ et al BLOOD, 22 OCTOBER 2009 ⅐ VOLUME 114, NUMBER 17 For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From To determine whether the higher levels of Lcn2 found in the sera of Hfe ϩ/Ϫ and Hfe Ϫ/Ϫ animals contribute to the improved control of Salmonella replication observed in these mice, acutephase sera were obtained and analyzed for their antibacterial activity in liquid bacterial cultures. Of note, acute-phase sera of mice lacking one or both Hfe alleles limited the growth of WT Salmonella significantly better than did the sera from WT animals ( Figure 4F ). These differences were abrogated after immunoprecipitation with a neutralizing ␣-Lcn2 antibody or on the addition of 100 M ferrous sulfate, implicating an underlying Lcn2-mediated and iron-dependent mechanism.
To rule out an influence of Hfe dysfunction on resistance to S Typhimurium by an effect on hematopoiesis, we analyzed blood samples of solvent-treated and infected WT C57BL/6 and Hfe Ϫ/Ϫ mice. Blood cell numbers and hemoglobin concentrations were not significantly influenced by the Hfe genotype (supplemental Table 2 ; data not shown).
Influence of bacterial enterochelin production on the course of Salmonella infection in Hfe WT and Hfe ؊/؊ mice and macrophages
Because Lcn2 is known to sequester iron-siderophore complexes, we next investigated the contribution of Salmonella iron acquisition systems to the phenotype of improved bacterial control observed in Hfe Ϫ/Ϫ macrophages. We found that the protective effect conferred by the absence of Hfe was abrogated on infection with a Salmonella entC mutant, which is unable to produce the bacterial siderophore enterochelin, as well as with an entC sit feo triple mutant. In contrast, the antibacterial effects of Hfe Ϫ/Ϫ macrophages against WT Salmonella were also observed against ssrA, SPI-I, and iroBC mutant Salmonella, the latter able to produce enterochelin but unable to produce and use salmochelins ( Figure 5A ). The improved bacterial control exerted by Hfe Ϫ/Ϫ macrophages thus mimicked the effects of recombinant murine Lcn2 added to liquid Salmonella cultures (supplemental Figure 4) .
To establish whether bacterial enterochelin production is also linked to the protective effects of Hfe deficiency in vivo, we infected Hfe Ϫ/Ϫ mice and their WT littermates intraperitoneally with 500 CFU of the entC mutant S Typhimurium strain. Remarkably, 46% of WT animals and 45% of Hfe Ϫ/Ϫ mice infected with entC-deficient Salmonella survived beyond day 10 of infection. In comparison, the infection of WT mice with WT S Typhimurium caused the rapid death of 11 of 12 animals (ϳ 92%) by days 1 to 6 of infection ( Figure 5B) . Thus, the protective effects of Hfe Ϫ/Ϫ deficiency may be partially mediated by a mechanism involving impaired bacterial enterochelin utilization, because no difference in the course of Salmonella infection was observed when enterochelindeficient bacteria were inoculated.
To determine whether the increased Lcn2 production in Hfe Ϫ/Ϫ mice is directly linked to their increased antibacterial resistance, C57BL/6 Hfe ϩ/ϩ , Hfe Ϫ/Ϫ , Lcn2 Ϫ/Ϫ , and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ double KO mice were infected with WT Salmonella. After 2 days, bacterial loads in livers and spleens were significantly lower in Hfe Ϫ/Ϫ mice compared with Hfe ϩ/ϩ littermates ( Figure 5C-D) . Of interest, Hfe ϩ/ϩ Lcn2 Ϫ/Ϫ and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ animals displayed similar bacterial loads, which were significantly higher compared with Hfe Ϫ/Ϫ Lcn2 ϩ/ϩ mice, suggesting that Lcn2 is the main mediator of increased resistance to systemic Salmonella infection in Hfedeficient mice.
Finally, to investigate the possibility that the decreased iron withholding capacity of Lcn2-deficient phagocytes may be related to altered Fpn1 expression, primary peritoneal Hfe ϩ/ϩ , Hfe Ϫ/Ϫ , Lcn2 Ϫ/Ϫ , and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ double KO macrophages were prepared and treated with medium or infected with WT Salmonella. Figure 3 . Effect of Hfe functionality on Salmonella infection in vivo. C57BL/6 WT, Hfe ϩ/Ϫ , and Hfe Ϫ/Ϫ mice were infected intraperitoneally with 500 CFU of WT S Typhimurium. Survival was monitored during an observation period of 10 days and compared between subgroups using the Wilcoxon (Gehan) test (A). P ϭ .007 for Hfe ϩ/ϩ versus Hfe ϩ/Ϫ , P ϭ .049 for Hfe ϩ/ϩ versus Hfe Ϫ/Ϫ . Bacterial loads in at least 6 animals per group were determined in livers (B) and spleens (C) of randomly selected animals at days 2 and 4 after infection. Data were logtransformed and compared by ANOVA with Bonferroni correction. Values are depicted as lower quartile, median, and upper quartile (boxes), and minimum/maximum ranges and statistical significance are indicated.
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Lack of functional Hfe caused an increase in Lcn2 protein expression in infected cells. In contrast, in isolated macrophages, Fpn1 protein levels were increased on Salmonella infection but unaffected by Hfe or Lcn2 genotype ( Figure 5E ).
Discussion
This study shows that the absence of functional Hfe protects mice against invasive infections with the intracellular pathogen S Typhimurium. This effect can be attributed to the restriction of intracellular iron availability for bacteria, achieved by iron export from infected macrophages and scavenging of the bacterial catecholate siderophore enterochelin.
At least 2 pathways could be responsible for increased iron export from Hfe Ϫ/Ϫ macrophages; first, mononuclear cells express Fpn1, which pumps ferrous iron out of the cell. Infection with intracellular pathogens results in increased expression of this protein, thus limiting intracellular iron availability. 22, 37 This pathway has recently been implicated in the resistance of Hfe Ϫ/Ϫ mice to oral infection with Salmonella in a model of bacterial enterocolitis. 38 In our study, Fpn1 mRNA expression did not differ between Hfe ϩ/ϩ and Hfe Ϫ/Ϫ peritoneal macrophages and was not differentially modulated on infection with Salmonella. Rather, there was a uniform induction of Fpn1 protein expression in Salmonellainfected primary macrophages compared with control cells, which appeared to be independent of Hfe and/or Lcn2 functionality. It is well established that in addition to cytokine-and inflammationmediated regulation of Fpn1 mRNA expression, 33,37,39 a major regulatory pathway for Fpn1 expression is posttranslational binding of Hamp to Fpn1, which results in Fpn1 internalization and degradation. 16, 17 Moreover, although splenic expression of Fpn1 protein was higher in uninfected Hfe-deficient mice than in Hfe ϩ/ϩ littermates, such differences were not observed after infecting Hfe ϩ/ϩ , Hfe ϩ/Ϫ , and Hfe Ϫ/Ϫ mice with Salmonella. This indicates that the differences in iron export observed between infected WT and Hfe-deficient mice are not primarily due to differential expression of Fpn1. Consequently, a second mechanism for cellular iron release and the limitation of iron for intracellular microbes must exist, which according to our studies is due to enhanced expression of Lcn2. Of note, cellular iron release under control conditions was reduced by genetic ablation of Lcn2, because Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ macrophages exported significantly less iron than did Hfe Ϫ/Ϫ Lcn2 ϩ/ϩ cells (data not shown). Moreover, the abrogation of enhanced iron export as well as resistance to Salmonella infection in Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ macrophages in comparison to Hfe Ϫ/Ϫ Lcn2 ϩ/ϩ cells suggests that Lcn2 may shuttle siderophore-bound iron out of macrophages and may account for the observed differences between WT and Hfe-deficient phagocytes. Because Lcn2 is unable to bind iron directly, Lcn2-mediated iron export may involve a siderophore. Our data are thus compatible with a model in which a bacterial siderophore such as enterochelin or an as yet not characterized mammalian siderophore 31, 40 contributes to macrophage iron export. Nevertheless, the existence of mammalian siderophores remains rather speculative. 31, 40 We found no differences in inflammatory radicals or cytokine production between Salmonella-infected Hfe ϩ/ϩ and Hfe Ϫ/Ϫ macrophages which contrasts with a recent report showing reduced proinflammatory cytokine secretion by macrophages from Hfe Ϫ/Ϫ mice macrophages compared with macrophages obtained from C57BL/6 mice not bred in parallel. This effect was suggested to result from iron-controlled translation of TNF-␣ and IL-6 mRNAs, 38 which disagrees with other observations showing that iron chelation enhances, and iron loading reduces, the formation of TNF-␣ and other proinflammatory cytokines by macrophages. 19, [41] [42] [43] Moreover, in our mice bred under identical conditions on a completely congenic background, we did not detect Hfe-dependent differences in macrophage Fpn1 levels or cytokine secretion during experimental Salmonella infection. Although the addition of synthetic Hamp to macrophages in vitro resulted in a 24% to 41% decrease of iron release from control and Salmonella-infected macrophages (data not shown), this effect was independent of the Hfe genotype and failed to reduce the described differences in macrophage iron export between WT and Hfe-deficient cells.
Of interest, Hfe-deficient mice displayed reduced bacterial burdens in both liver and spleen, although it is well established that Hfe-deficient hepatocytes accumulate iron, 8, 44 a fact that is supposed to promote rather than impair bacterial growth and proliferation. We suggest that Kupffer cells, which are thought to be iron deficient in persons with hemochromatosis, 12 may represent the primary habitat of Salmonella in the liver and account for the low bacterial load within this organ. 45 Although Lcn2 does not appear to account for hepatocellular iron accumulation in Hfe-deficient mice, 46 high levels of Lcn2 present within the extracellular space of the liver may contribute to improved intrahepatic bacterial control in Hfe-deficient animals. Alternatively, circulating Lcn2 may impair the spread of S Typhimurium from the primary site of infection to systemic sites, including the liver. This is supported by our data showing that the antibody-mediated removal of Lcn2 from acute-phase sera abolished the differences observed between sera from WT and Hfe-deficient mice.
HFE-associated hereditary hemochromatosis is a prevalent autosomal recessive disorder, and the HFE mutations C282Y and H63D occur with surprisingly high allelic frequencies in populations of Northern and Western European origin. 1, 3, 4, 47 It has thus been suggested that HFE defects may be of selective evolutionary advantage. Two major hypotheses have emerged as possible explanations; on one hand, HFE deficiency may enable more effective absorption of dietary iron. This may prevent severe iron deficiency when dietary iron content is low or iron demand is high, for instance during pregnancy or infancy. 48 Alternatively, HFE mutations may confer increased resistance against intramacrophage pathogens that have an essential requirement for iron. Our data provide evidence for a protective role of Hfe mutations in a mouse model of typhoid fever. The association of both homozygous and Figure 5 . Infection with mutant Salmonella strains and infection of Hfe ؊/؊ Lcn2 ؊/؊ double KO mice. Hfe ϩ/ϩ and Hfe Ϫ/Ϫ macrophages were infected with WT S Typhimurium and various mutants, and bacterial numbers were enumerated by plating of cell lysates (A). Hfe ϩ/ϩ and Hfe Ϫ/Ϫ mice were intraperitoneally infected with 500 CFU entC mutant S Typhimurium. Hfe ϩ/ϩ mice infected with the identical number of WT S Typhimurium served as a comparison. Survival of subgroups was monitored during an observation period of 10 days and compared using the Wilcoxon (Gehan) test (B). P ϭ .001 for Hfe ϩ/ϩ WT Salmonella versus Hfe ϩ/ϩ entC mutant Salmonella, P ϭ .951 for Hfe ϩ/ϩ entC mutant Salmonella versus Hfe Ϫ/Ϫ entC mutant Salmonella. C57BL/6 WT, Hfe Ϫ/Ϫ , Lcn2 Ϫ/Ϫ , and Hfe Ϫ/Ϫ Lcn2 Ϫ/Ϫ mice were infected with 500 CFU of WT S Typhimurium. At day 2 of infection, animals were killed, and the bacterial load in livers (C) and spleens (D) enumerated by plating appropriated dilutions of organ homogenates. Data are presented as detailed in the legend to Figure 3 . Primary peritoneal macrophages of the indicated genotypes were infected with S Typhimurium (S Tm) or left untreated (Ctrl.). After 24 hours, the expression of Fpn1, Lcn2, and Actin was determined by Western blot as described in the "Immunoblotting" section of supplemental Methods. One of 3 representative experiments is shown. For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From heterozygous Hfe defects with enhanced resistance to S Typhimurium infection implies that mutated Hfe may fulfill the function of a dominant protective allele (P ϭ .001 for 37 Hfe ϩ/ϩ vs 11 Hfe ϩ/Ϫ mice, P ϭ .004 for 37 Hfe ϩ/ϩ vs 21 Hfe Ϫ/Ϫ mice, P ϭ .582 for 11 Hfe ϩ/Ϫ vs 21 Hfe Ϫ/Ϫ mice; data combined from all observations on survival using WT S Typhimurium). Although the results of these investigations cannot be directly extrapolated to humans, it is plausible that HFE-related hemochromatosis may be of selective advantage in infections with microbes capable of survival within macrophages. 49 It is well established that the growth of S Typhimurium within infected phagocytes is influenced by natural resistance-associated macrophage protein 1 (Nramp1), which acts as a transporter of iron and other divalent metal ions at the phagolysosomal membrane. 50 The topology of the Nramp1 protein relative to the phagolysosomal lumen and its exact transport function are still under debate; however, studies on isolated phagosomes have suggested that Nramp1 shifts iron into the phagolysosome to promote the formation of ROS by Fenton chemistry. 51 Other data, in contrast, rather support the idea that Nramp1 transports iron out of these pathogen-containing organelles to deprive pathogens from the essential nutrient iron. 52, 53 Nevertheless, our experiments were performed in mice on a pure C57BL/6 and thus Nramp1-susceptible genetic background (supplemental Methods), ruling out any possible influence of Nramp1 genotype in our model. Lcn2, whose production is augmented in Hfe-deficient macrophages, has the strongest affinity for enterochelin, a catecholatetype siderophore primarily synthesized by S Typhimurium and Escherichia coli. Because all known enterobacteria are able to use enterochelin for iron uptake, 54 it is probable that the increased resistance conferred by Hfe deficiency may be extended to other pathogens that are sensitive to alterations in intracellular iron availability such as Chlamydia spp or Legionella pneumophila. 55 In any case, monocytes isolated from otherwise healthy subjects with HH type I have been shown to withhold iron from engulfed Mycobacterium tuberculosis more efficiently than cells from healthy volunteers. 56 In summary, the present study highlights the central role of macrophage iron homeostasis for the fate of infections with intracellular microbes. We demonstrate that the absence of functional Hfe is protective against invasive infections with the intracellular pathogen S Typhimurium as a result of enhanced iron limitation mediated by the increased formation of Lcn2.
